Background and objective: Selecting 'healthy' preschool-aged children for reference ranges may not be straightforward. Relaxing inclusion criteria for normative data does not affect spirometry z-scores. We therefore investigated the effect of similarly relaxing inclusion criteria in preschoolers on reference ranges for respiratory impedance (Zrs) using a modified forced oscillation technique (FOT). Methods: The International Study of Asthma and Allergies in Childhood questionnaire classified 585 children into a healthy and five mutually exclusive groups. Zrs was measured between 4 and 26 Hz and resistance (R) and compliance (C) obtained by model fitting. Prediction models were determined using mixed effect models and z-scores compared between healthy children and the five groups. Results: Zrs data were obtained for 494 participants (4.30 AE 0.7 years) on 587 occasions. Comparison of the Zrs z-scores between the healthy children and the health groups found significant differences in children with asthma, current wheeze and respiratory symptoms, but not in children born preterm or with early-life wheeze. Adding these two groups to the healthy dataset had no significant effect on the distribution of z-scores and increased the size of the dataset by 22.3%. Conclusion: Our data suggest that preschool-aged children born preterm or with early-life wheeze can be included in FOT reference equations, while those with asthma, current wheeze and respiratory symptoms within 4 weeks of testing should be excluded. This more inclusive approach results in more robust FOT reference ranges.
INTRODUCTION
The respiratory system undergoes significant growth and development during the preschool years. 1 Being able to accurately and reliably measure these physiological changes would benefit the diagnosis, treatment and management of children with suspected or known respiratory disease. Emphasis should therefore not only be placed on the lung function measurement itself, but also on the establishment of reference equations used to define normal lung function. 2 The unique challenges of measuring lung function during the preschool years were addressed previously by developing lung function tests and reference values specific to preschool-aged children. 3 However, many of these lung function tests remain in the research setting and not employed routinely in clinical practice 3, 4 due, in part, to challenges in performing the test and interpreting the results.
The forced oscillation technique (FOT) is employed widely in the preschool population as a non-invasive measure of respiratory impedance (Zrs) [3] [4] [5] and there are several published reference equations specific to this age group. In general, reference equations are based on data from 'healthy' children, ideally obtained from an unbiased and representative sample of the
SUMMARY AT A GLANCE
Normative data for respiratory impedance (Zrs) measured with the forced oscillation technique in preschool-aged children use strict criteria to define healthy. Zrs z-scores in preterm-births and early-life wheezers did not differ from healthy children allowing a more inclusive approach for reference equations, without losing discriminative power for detecting lung disease. population where the test is being administered. 28 Whilst the participant characteristics for FOT reference equations are well-characterized, inconsistencies exist in exclusion criteria and the definition of 'healthy'. Children with an asthma diagnosis are excluded from most reference equations, 8, 10, 11, [14] [15] [16] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] while an asthma family history excluded children from six of these equations. 8, 14, 15, 18, 19, 21 Other inconsistencies in exclusion criteria include the time interval following a respiratory infection, 8, [10] [11] [12] [13] [14] [15] [16] 18, 19, 21, 22, [24] [25] [26] a history of wheeze and preterm-birth. 18, 21, [24] [25] [26] These inconsistencies in exclusion criteria (Table 1) , between different reference equations highlight the challenges of defining and identifying 'healthy' preschool-aged children when developing reference equations.
So, how 'healthy' does a child have to be for inclusion in reference equations for lung function measurements? A previous study examined the influence of exclusion criteria on spirometry z-scores in children aged 5-11 years of age. 30 It found that including children normally excluded from normative data (born preterm, low-birth weight, prior asthma or being mildly symptomatic at the time of measurement) did not substantially alter the overall z-scores for forced expiratory volume in 1 s (FEV 1 ) and forced vital capacity (FVC). Adding these children who are typically excluded from 'healthy' reference equations increased the sample size by 25%. This more inclusive approach to defining populations for establishing reference equations allows a more generalizable reference set, and is potentially more representative of patients in the clinical setting.
We therefore investigated whether preschool-aged children with: doctor-diagnosed asthma, early-life or current wheeze, preterm-birth or respiratory infection within 4 weeks of the study visit could be included in FOT reference equations developed for preschool-aged children without compromising the integrity of the equations. We also used the outputs from fitting a model to the Zrs spectrum to derive the resistive parameter R, representing the frequency-independent Newtonian resistance and C, characterizing compliance of the respiratory system during tidal breathing.
METHODS
Preschool children, aged 3-6 years from an urban setting were recruited from kindergartens in Brisbane, Australia and from community birth cohort studies; the Observational Research in Childhood Infectious Diseases study (ORChID), Brisbane, Australia 31 and the Barwon Infant Study (BIS), Geelong, Australia. 32 Children were also recruited from a local kindergarten in Szeged, Hungary. To optimize recruitment in kindergartens, parents of all attendees aged 3-6 years received recruitment packages (parent information sheet, consent form and a modified International Study of Asthma and Allergies (ISAAC) questionnaire 33 ) and were asked to return the completed consent form and questionnaire before the study visit. The child's guardian was not required to be present at the study visit. The Children's Health Queensland (HREC/12/QRCH/ 23), The University of Queensland (2014000212), the Barwon Health (10/24) and the Hungarian Regional 
Clinical definitions
Inclusion criteria for ORChID and BIS included: healthy at birth, without a major congenital abnormality or serious illness identified in the first days of life (BIS) and born at >36 weeks (ORChID) and >33 weeks (BIS) gestation. Whereas, all children aged 3-6 years from the kindergartens were eligible for recruitment, and children diagnosed with a chronic respiratory illness other than asthma, a congenital abnormality affecting their ability to stand or a disorder compromising lung development were excluded. 'Healthy' children fulfilled the following criteria: born term (≥37 weeks gestation), free of any respiratory symptoms and no respiratory medication use within 4 weeks of the study visit, had never wheezed and no prior doctor-diagnosed asthma. Children who did not fit these criteria were classified into one of five groups; doctor-diagnosed asthma, current wheeze (wheeze episodes in the past and the last 12 months), early-life wheeze (wheeze episodes in the past, but not in the last 12 months), children born preterm (<37 weeks gestation) and the respiratory symptom group (children with upper or lower respiratory infections within 4 weeks of the study visit). Classifications were determined from the modified ISAAC and were mutually exclusive with children assigned to the most abnormal; e.g. a child born preterm with current wheeze and an asthma diagnosis was included in the 'asthma' group.
Measurements of Zrs
Zrs was measured using custom made FOT equipment incorporating a wave-tube and a loudspeaker, 34 in accordance with the American Thoracic Society/European Respiratory Society guidelines. 3 Measurements were obtained using a pseudorandom signal between 4 and 26 Hz. Children breathing tidally whilst wearing a nose-clip, had their cheeks firmly supported and a tight seal around an antibacterial mouthpiece (Bird Healthcare, Melbourne, Victoria, Australia). A minimum of three, 16-s artefact free and reproducible measurements were obtained and from these the Zrs spectra were ensemble averaged. A resistance (R)-compliance (C)-inertance (I) model was fitted to the averaged Zrs spectra: Zrs = R + jωI + (1/jωC), where j is the imaginary unit and ω is angular frequency; R was calculated between 10 and 20 Hz from the respiratory resistance (Rrs) data, while C and I were estimated between 6 and 26 Hz from the reactance (Xrs) data. 35 
Statistical analysis
Demographic and anthropometric data are presented as median and 25th-75th percentiles. Lung function variables were not normally distributed and all Xrs variables were transformed to absolute values. To achieve normality all Zrs variables underwent natural logarithmic-transformation prior to analysis. Differences in lung function between healthy children and children in other health groups were assessed using Student's t-test. Normative equations were calculated using mixed-effects linear regression modelling. Mixedeffects models were used as data points from some children from the ORChID Study were included more than once. Initially, successive univarible models with height, weight, age and sex were included as the main effect were constructed. Then, multivariable models were built using combinations of main effects, before the most parsimonious multivariable model was selected using the likelihood ratio test. In all models, each child was included as a random effect, to account for the probable non-independence of observations from the same child. Z-scores were calculated using the equation: Z = (measured − predicted)/SD, where SD represents the overall standard deviation of the model. The influence of adding successively 'less healthy' children to the data set was determined by recalculating the regression equations and z-scores and comparing the z-scores between the newly defined healthy children and the children in other health groups to those obtained from the original equation.
RESULTS
A total of 494 children (mean age 4.30 AE 0.68 years) provided 587 analysable measurements of lung function; 31 children were measured twice; 28 measured three times and 2 children were measured four times, all on separate testing occasions. The overall feasibility percentage was 85.5% (670 testing occasions in total). Reasons for failure are detailed in Figure 1 . Feasibility was marginally lower in children aged 3-4 years (85.2%) than 5-6 years of age (88.1%).
Demographic and clinical characteristics of the health groups are summarized in Table 2 , and lung function is shown in Table 3 for the common FOT outcome variables as well as for R and C. The full range of Zrs variables are shown in Table S1 in Supplementary Information. Significant differences in lung function variables were detected between 'healthy' children and children with asthma (Rrs8 P = 0.044 and Xrs10 P = 0.025), children born preterm (Xrs6 P = 0.011 and 
Consent obtained n = 599 FOT testing occasions n = 714
Excluded n = 44 -Absent on day of testing n = 11 -ISAAC questionnaire not completed n = 19 -Incomplete ISAAC questionnaire n = 4 -Unable to measure height n = 10
Testing occasions n = 670 -Healthy n = 335 -Asthma n = 78 -Recurrent wheeze n = 85 -Early life wheeze n = 53 -Pre-term n = 41 -Respiratory symptoms n = 78
Acceptable spectral FOT measurements n = 587 -Healthy n = 295 -Asthma n = 70 -Recurrent wheeze n = 71 -Early life wheeze n = 49 -Pre-term n = 32 -Respiratory symptoms n = 67
Excluded n = 83 -Equipment/user error n = 16 -Participant unwilling to co-operate n = 32 -FOT measurements not acceptable or repeatable n = 35 
FOT reference equations in preschoolers
Xrs8 P = 0.038), children with current wheeze (Xrs6 P = 0.046, Xrs8 P = 0.013 and Xrs10 P = 0.004) and in children with respiratory symptoms (R P = 0.037 and Rrs10 P = 0.046), with the major differences seen in the 6-10 Hz range (Table 3) . For the traditional approach of defining 'healthy', all Zrs variables were significantly associated with height only (P < 0.001) ( Table S2 in Supplementary Information). Z-scores calculated for each group using this analysis are shown for the commonly reported variables in Table 4 . Compared to 'healthy' children, the asthmatic children had significantly different z-scores at R (P = 0.049), Rrs6 (P = 0.029), Rrs8 (P = 0.024), Rrs10 (P = 0.032), C (P = 0.015), Xrs6 (P = 0.047) and Xrs10 (P = 0.016). Whereas children classified as current wheezers were significantly different at Rrs6 (P = 0.031), Xrs8 (P = 0.011) and Xrs10 (P = 0.013) and children with respiratory symptoms within 4 weeks of the FOT measurements had significantly different zscores at R (P = 0.014), Rrs8 (P = 0.012) and Rrs10 (P = 0.012).
The lack of significant differences in Zrs z-scores detailed in Table 4 between healthy children and children with early-life wheeze and those born preterm validated a more inclusive approach to defining healthy, increasing the healthy data set by 71 children. Prediction equations generated based on the newly defined healthy group are provided in Table S3 in Supplementary Information, and the relationship between R and C against height in Figure 2 . Significant differences in the mean z-scores between the newly defined healthy children and children with asthma (R (P = 0.042), Rrs6 (P = 0.024), Rrs8 (P = 0.016), Rrs10 (P = 0.025), C (P = 0.035) and Xrs10 (P = 0.022)), with Data presented as median (25; 75%) in a study population in which 92% identify as Caucasian. *P < 0.05 compared to the healthy children. Preterm-birth (<37-weeks) and none diagnosed with bronchopulmonary dysplasia. Raw Zrs (Rrs and Xrs) data presented as median (25; 75%). Preterm-birth (<37-weeks) and none diagnosed with bronchopulmonary dysplasia. *Significant difference from healthy group, P < 0.05. C, compliance of the respiratory system; R, frequency-independent Newtonian resistance; Rrs, respiratory resistance; Xrs, reactance.
current wheeze (Rrs6 (P = 0.031), Xrs8 (P = 0.021) and Xrs10 (P = 0.019)) and children with respiratory symptoms within 4 weeks of the FOT measurements (Rrs6 (P = 0.041), Rrs8 (P = 0.009), Rrs10 (P = 0.009) and Xrs10 (P = 0.031)) (Table S4 in Supplementary Information) were still significant after including children with early-life wheeze and children born preterm to the normative healthy data set.
DISCUSSION
A more inclusive approach to selecting children for developing FOT reference equations is possible without compromising test performance. This more inclusive approach to defining healthy preschool-aged children had no effect on the healthy group's FOT z-score distributions or on the ability to differentiate healthy children from children with asthma, current wheeze or those with respiratory symptoms within 4 weeks of FOT measurements. Combining the Zrs measurements of children with early-life wheeze and born preterm with the healthy children together to form a newly defined healthy normative group is more generalizable to the preschool-aged population in which FOT is being measured. Despite these children representing a small proportion of the study cohort, their inclusion to the normative data set increased the healthy population by 22.3%, which to our knowledge makes this FOT reference set the largest published in Caucasian preschool-aged children.
Reference equations have typically applied strict criteria when defining a healthy population. But, as our study suggests this strict approach may not be required when establishing normative FOT reference data. Currently, published FOT reference equations 9, 12, [14] [15] [16] 18, [20] [21] [22] [24] [25] [26] excluded participants with a history of wheeze, whereas our data indicate that this is unnecessary in the preschool age range. This more inclusive approach is better reflective of the preschool population where wheeze with or without a viral illness is also commonly reported but has shown to be transient with minimal effects into older childhood. 36 Data from the present study document that including children with wheeze in early-life, but without wheeze in the past 12-months does not adversely influence the reference equations. In many cross-sectional studies, especially in older children, parents may have forgotten mild episodes of wheeze in early-life. Our data suggest this does not matter. Children born preterm are another group often excluded from FOT normative data sets (Table 1) . Studies undertaking FOT measurement's in children born preterm report reduced lung function compared to healthy children, which is independent of a history of bronchopulmonary dysplasia (BPD), In the present study, lung function in 32 children born preterm (<37-weeks) was comparable to healthy children. The median (25; 75%) gestational age of children born preterm in the present study was 36.1 (33.5; 37.0) weeks, whereas the studies reporting worse lung function in children with or without BPD were born at a much earlier gestation (<32-weeks). Although the number of children born preterm in this study is small our data suggest that children born between 34 and 37-weeks gestational age, should be included in normative FOT reference data, whereas children born very preterm (<32-weeks) should not. Consideration is also given to respiratory symptoms when selecting healthy children for inclusion in reference ranges. Yet establishing an asymptomatic period in preschool-aged children can be difficult. Children attending childcare have increased exposure to other children and a greater risk of acute respiratory tract infections. 31, 41, 42 Interestingly, in our cohort children with upper or lower respiratory infections had better lung function compared to healthy children. There are many possible explanations for this observation, all of which highlight the special requirements for collecting lung function data in the field in preschool-aged children. In this study, children were classified as having a respiratory infection if symptoms occurred within 4 weeks of the study visit. These data were obtained from a modified version of the ISAAC questionnaire administered before the study visit. Time between completing the ISAAC questionnaire and the study visit may have meant respiratory symptoms had subsided and medication used during this symptomatic period might have improved lung function.
One of the factors limiting greater uptake of FOT in clinical practice may be the outcome variables reported. Clinicians have a concept of resistance, but the reporting of Rrs6, Rrs8 and Rrs10 begs the questions 'do they provide different information' and 'if not, why report three values?' Xrs as a concept is more challenging, especially as it has, by convention a negative value at low frequencies. Worse lung function is associated with more negative Xrs. In an attempt to make FOT more 'user friendly', we included a modelling approach to produce single values for R and C, a concept more easily understood as C reflects the distensibility of the respiratory system. And although C is a robust parameter more easily understood than Xrs, it should be treated with caution in the presence of airway obstruction. When fitting the hyperbolic model for C, the negative component of the Xrs curve is selected and is flatter in appearance compared to healthy controls, increasing the model fitting error. In the present study, there is essentially no difference in the clinical message from FOT, whether considering the traditionally reported single-frequency values of Rrs6, Rrs8, Rrs10, Xrs6, Xrs8, Xrs10 or the more comprehensive R and C derived from the simple resistance-compliance-inertance concept of respiratory mechanics. Accordingly, we have reported normative equations for both sets of data allowing comparisons to be made.
In summary, the data from the present study suggest a more inclusive and realistic approach can be taken to define a healthy population when developing FOT reference equations, without losing discriminate power for detecting lung disease.
Table S1
Zrs variables by health status. Table S2 Regression analyses based on the conventional approach to defining healthy. Table S3 Regression analyses using the inclusive definition of healthy children. Table S4 Mean (SD) z-scores calculated for each group using reference equations obtained based on the inclusive definition of healthy children to include those born preterm and those with early-life wheeze.
